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Abstract 

Although the anti-malaria drug chloroquine (CQ) has been shown to enhance chemotherapy and 
radiation sensitivity in clinical trials, the potential mechanisms underlying this enhancement are still 
unclear. Here, we examined the relevant mechanisms by which the multipotent CQ enhanced the 
cytotoxicity of topotecan (TPT). The lung cancer cell line A549 was treated with TPT alone or TPT 
combined with CQ at non-cytotoxic concentrations. Cell viability was assessed using the MTT assay. The 
percentage of apoptotic cells and the presence of a side population of cells were both determined by flow 
cytometry. Autophagy and the expression of Bcl-2 family proteins were examined by Western blotting. The 
accumulation of YFP-LC3 dots and the formation of acidic vesicular organelles were examined by confocal 
microscopy. CQ sensitized A549 cells to TPT and enhanced TPT-induced apoptosis in a Bcl-2 family 
protein-independent fashion. CQ inhibited TPT-induced autophagy, which modified the cytotoxicity of TPT. 
However, CQ failed to modify the transfer of TPT across the cytoplasmic membrane and did not increase 
lysosomal permeability. This study showed that CQ at non-cytotoxic concentrations potentiated the cytotoxicity 
of TPT by interfering with autophagy, implying that CQ has significant potential as a chemotherapeutic 
enhancer. 
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Chemotherapy shows therapeutic efficacy mainly by 
inducing apoptosis of cancer cells Autophagy, a 
dynamic process in which intracellular membrane 
structures sequester proteins and organelles for 
degradation and turnover, has the potential to promote or 
delay apoptosis 121 . At the beginning of autophagy, portions 
of the cytoplasm and intracellular organelles are 
sequestered in double-membrane-bound structures 
known as autophagosomes. These autophagosomes 
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fuse with lysosomes to form autolysosomes, and the 
sequestered contents are degraded by lysosomal 
hydrolases and recycled. Autophagy provides cells with 
energy and materials for biosynthesis [3 " 71 . Multiple 
chemotherapeutic agents, including topotecan (TPT), 
doxorubicin, etoposide, cyclophosphamide, cisplatin, 
temozolomide, gemcitabine, paclitaxel analogs, and 
5-fluorouranial, have shown the potential to induce 
autophagy in the context of different cancer cells 18161 . 

Chloroquine (7-chloro-4- [4-diethylamino-1-methyl- 
butylamino] quinoline; CQ) is commonly sold as malaria 
medication and is used as an anti-inflammation drug for 
rheumatoid arthritis, discoid lupus erythematosus, and 
amoebic hepatitis' 17181 . In 1992, Djordevic ef a/. 1191 reported 
that treating mouse melanoma cells with CQ potentiated 
radiation-induced cell killing. Subsequently, CQ was 
reported to have direct cytotoxicity or to enhance the 
cytotoxicity of radiotherapy and targeted therapy. The 
cytotoxicity of CQ has been examined in cell lines 
derived from breast, lung, colon, hepatic, pancreatic, and 
ovarian cancers as well as glioma 120 " 251 . Recently, a 
randomized, double-blind, placebo-controlled trial 
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demonstrated that CQ may improve mid-term survival 
when given in addition to conventional chemotherapy 
and radiotherapy for glioblastoma multiforme 126271 . 
Presently, more than 10 trials have been initiated to 
evaluate the effect of CQ combined with radiotherapy, 
chemotherapy, and targeted therapy 1281 . 

There may be multiple means by which CQ exerts 
its antitumor effects. First, CQ increases lysosomal 
permeability and cell death. The lysosomotropic 
properties of CQ promote its accumulation in several 
intracellular organelles and raise intravesicular pH. 
Consequently, both lysosomal volume and permeability 
increase 129301 . Second, CQ can disrupt lysosomal function 
and prevent completion of autophagy at the final step, 
resulting in an accumulation of LC3-II [27] . Third, CQ blocks 
ABC transporters in Plasmodium and tumor cells, resulting 
in increased intracellular drug availability and cell 
damage 131331 . Finally, CQ can directly interfere with DNA, 
resulting in defective DNA synthesis and repair 1331 . 
Nevertheless, the relevant mechanisms of the enhanced 
effect of CQ are still unclear. 

If CQ can enhance the efficacy of chemotherapy at 
non-cytotoxic concentrations, CQ and its analogs might 
be developed as chemotherapy sensitizers because of 
their safety and low cost. Therefore, to evaluate the 
potential of CQ as a chemotherapy sensitizer, we 
examined the mechanisms by which CQ enhanced the 
efficacy of chemotherapy. Specifically, we analyzed the 
ability of non-cytotoxic doses of CQ to enhance the 
efficacy of TPT, a semisynthetic derivative of 
camptothecin that specifically targets topoisomerase I. 



Materials and Methods 

Drugs and reagents 

Chloroquine diphosphate (CQ), which was dissolved 
in PBS at a concentration of 100 mmol/L and stored at 
4 C C, Hoechst 33342, propidium iodide, acridine orange, 
RPMI-1640 medium, sodium dodecyl sulfate (SDS), and 
6-diamidino-2-phenylindole (DAPI), were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). TPT was 
purchased from Merck (Darmstadt, Germany). 

Cell lines, cell culture, and cell viability 

The human lung carcinoma cell line A549, provided 
by the Department of Experimental Research of Sun 
Yat-sen University Cancer Center, was cultured in 
RPMI-1640 supplemented with 10% heat-inactivated fetal 
bovine serum, penicillin (50 U/mL), and streptomycin (50 
pg/mL). The cells were kept at 37*0 in a humidified 
incubator with 5% C0 2 . For cell viability assays using 
TPT and CQ, the cells were seeded into 96-well culture 



plates at a density of 8000 cells/well and allowed to 
adhere overnight. The next day, cells were treated with 
TPT (0.39, 0.783, 1.563, 3.125, 6.25 u g/mL), CQ (1.95, 
3.9, 7.8, 15.625, 31.25 u g/mL), or TPT combined with 
CQ (0.39/1.95, 0.783/3.9, 1.563/7.8, 3.125/15.625, 
6.25/31.25 ug/mL). Cell viability after treatment was 
determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe- 
nyltetrazolium bromide (MTT) assay (In vitro Toxicology 
Assay Kit; Sigma-Aldrich, St. Louis, MO, USA). 

The combination index (Cl)-isobologram equation was 
used for the quantitative determination of drug interactions, 
where CI < 1 indicates synergism, CI = 1 indicates 
additive effect, and CI > 1 indicates antagonism 1331 . 

Cell cycle analysis by flow cytometry 

A549 cells were treated with 2 ug/mL TPT, 10 ug/mL 
CQ, or both for 48 h in a 6-well plate. For cell cycle 
analysis, cells were collected, washed with PBS, and 
fixed in 70% alcohol overnight. Cells were then 
resuspended in 1 mL propidium iodide (50 pg/mL), 
placed on ice in dark, and immediately analyzed by flow 
cytometry (FC500; Beckman-Coulter, CA, USA) at a 
wavelength of 625 nm. 

Detection of apoptotic cells by flow cytometry 

TPT- and CQ-induced cell death was evaluated using 
an annexin V-FITC apoptosis assay. Cells were cultured 
in 6-well plates and exposed to drugs for 48 h, as 
described in the subsection of cell culture. Staining was 
then performed using the annexin V-fluorescein 
isothiocyanate apoptosis detection kit (Calbiochem, 
Darmstadt, Germany) according to the manufacturer's 
instruction. Apoptosis was detected by flow cytometry 
(FC500; Beckman-Coulter, CA, USA) at a wavelength of 
625 nm. 

Detection of side population (SP) cells by flow 
cytometry 

Cells were cultured in 60-mm plates and exposed to 
drugs for 12 h. The cells were then collected, 
resuspended in ice-cold RPMI-1640 media 
(supplemented with 2% FBS) at a concentration of 1 x 
10 6 cells/mL, and placed in an incubator at 37t) with 5% 
C0 2 for 10 min. Hoechst 33342, a DNA-binding dye, was 
then added at a final concentration of 10 ug/mL, and the 
cells were incubated for 90 min in the dark with 
intermittent mixing (every 10 min). After two washes with 
PBS, 1 ug/mL propidium iodide was added, and the cells 
were kept at 4t) in the dark prior to dual wavelength 
FACS analysis (Beckman Coulter, Fullerton, California, 
USA). Because Hoechst 33342 would be expelled from 
cells via verapamil-sensitive ATP-binding cassette 
(ABC) transporters, a subset of the cells were incubated 
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with 50 |jmol/L verapamil for 30 min at 37 1; before 
adding Hoechst 33342 to block the efflux of fluorescent 
dye from SP cells within the A549 population. 

Plasmids and transfection 

A549 cells were seeded in 6-well plates the day 
before transfection. The activated plasmid pYFP-LC3 or 
empty plasmid pYFP-N1 was transfected into cells using 
Lipofectamine 2000 (Invitrogen, CA, USA) according to 
the manufacturer's instructions. After 48 h of 
transfection, the positive clones were selected using 
G418 (500 ug/mL). 

Confocal microscopy for LC3 

A549 cells overexpressing pYFP-LC3 were grown 
on glass coverslips. After treatment with 2 pg/mL TPT for 
12 h, the cells were fixed with 4% paraformaldehyde at 
room temperature for 20 min. After three PBS washes, 
cells were incubated in DAPI (1 pg/mL) for 5 min at 
room temperature and washed three more times with 
PBS. Cells were observed using an Olympus FV 1000 
confocal microscope. 

Confocal microscopy for acridine orange staining 

Cells were plated at 50% confluence on glass 
coverslips and treated with 2 yg/mL TPT for 12 h. 
Thereafter, the cells were incubated with 1 mg/mL 
acridine orange for 15 min. After three PBS washes, 
cells were incubated in DAPI (1 ug/mL) for 5 min at 
room temperature and washed three more times with 
PBS. Cells were then fixed and dried at room 
temperature. Cells were immediately observed using an 
Olympus FV 1000 confocal microscope. 

Western blot analysis 

Protein extraction and Western blotting were 
performed as described previously 1341 . Anti-LC3 was 
purchased from Novus (Littleton, CO, USA). 
Anti-GAPDH, anti-Bax, anti-Caspase-3, anti-PARP, 
anti-Bcl-2, anti-P62, and corresponding second 
antibodies were purchased from Santa Cruz (Santa 
Cruz, CA, USA). Anti-Atg5, anti-Bid, and anti-Bim 
antibodies were purchased from Cell Signal Technology 
(Danvers, MA, USA). 

Retroviral infection and RNA interference 

A549 cells stably expressing shATG5 were selected 
as previously described [34] . Cells were then seeded at a 
density of 8000 per well into 96-well culture plates for 



further experiments. 

Statistical analyses 

Data were analyzed by f-test using SPSS11.0 
software, are expressed as mean ± standard deviation 
(SD), and are accompanied by the number of 
experiments independently performed. Differences at P 
< 0.05 were considered statistically significant. 

Results 

CQ sensitized A549 cells to TPT 

Using the MTT assay, we determined the effect of 
TPT alone or in combination with CQ on the proliferation 
of the human lung cancer cell line A549. A549 cells were 
exposed to 0-25 ug/mL TPT for 48 and 72 h, which 
resulted in inhibition of cell viability (Figure 1). At 72 h, 
the IC50 value was 1.776 ± 0.25 ug/mL. A549 cells were 
also exposed to 0.39-6.25 ug/mL TPT along with 
1.95-31.25 ug/mL CQ for 72 h. Within this range of 
concentration, CQ showed a weak cytotoxic effect; 
whereas TPT combined with CQ caused a much more 
pronounced inhibition of cell viability than either compound 
alone (Figure 2). Moreover, the combination of TPT and 
CQ produced a combination index (CI) of <1 in A549 
cells (Table 1). These data indicated that CQ could 
sensitize A549 cells to TPT in vitro. 

CQ increased apoptosis induced by TPT 

To study whether the inhibition of A549 cell 
proliferation caused by the two drugs was due to cell 
growth arrest or apoptosis, flow cytometry and Western 
blot analyses were used to detect levels of apoptosis. 
The percentage of early apoptotic cells (annexin 
V-positive) was 17.0% when treated with 2 pg/mL TPT 
alone, and increased to 32.8% when treated with TPT 
combined with 10 ug/mL CQ (Figure 3A). The sub-G, 
DNA content of A549 cells increased from 11.4% when 
treated with 2 ug/mL TPT alone to 23.1% when treated 
with TPT combined with 10 ug/mL CQ (Figure 3B). 
Western blot results demonstrated that PARP was 
cleaved to produce an 89-kDa fragment after TPT 
treatment, and the levels of cleaved PARP were 
increased in cells treated with CQ combined with TPT 
(Figure 4A). These data indicated that TPT induced 
apoptosis and that an additional treatment with CQ 
enhanced this effect. 
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Figure 1. Topotecan (TPT) 
suppressed A549 cell 
proliferation. Cells were cultured 
at 8000 cells per well in a 96- 
well plate, exposed to the 
indicated concentrations of TPT, 
and incubated for 48 or 72 h. 
Cell proliferation was detected 
using an WITT assay. Data points 
are the average of three 
experiments. Bars represent the 
standard deviation (SD). 
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Figure 2. Inhibitory effects of 
TPT and Chloroquine (CQ) on 
A549 cell proliferation. Cells were 
cultured at 8000 cells per well in 
a 96-well plate and exposed to 
the indicated concentrations of 
TPT and CQ at a fixed ratio (1 :5) 
for 72 h. The proliferation 
inhibition was detected using an 
WITT assay. The results are 
representative of three 
experiments. 



CQ enhanced T PT-induced apoptosis indepen- 
dently of Bcl-2 family proteins 

As TPT induces apoptosis via the mitochondrial 
pathway, we examined whether CQ interfered with Bcl-2 
family proteins. The expression levels of the 
pro-apoptotic protein Bax and the anti-apoptotic proteins 
Bcl-2 and Bim were determined by Western blot 
analysis. No change in expression of these Bcl-2 family 



proteins was observed when A549 cells were treated 
with CQ alone or in combination with TPT (Figure 4B 
and 4C). CQ can interfere with lysosome 
permeabilization, which initiates cell death via proteolytic 
activation of Bid. However, this study indicated that CQ 
treatment did not modify Bid expression (Figure 4B). 
These data suggested that CQ enhanced the cytotoxicity 
of TPT independently of Bcl-2 family proteins and that, 
at concentrations of less than 10 ug/mL, CQ failed to 
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Table 1 . Inhibitory effects of chloroquine diphosphate (CQ) combined with topotecan (TPT) on the growth of A549 
cells 



Concentration of TPT (n,g/mL) 


Concentration of CQ (^g/ml_) 


Fa 


CI 


0.39 


1.95 


0.190 


0.984 


0.78 


3.9 


0.315 


0.729 


1.5625 


7.8 


0.433 


0.728 


3.125 


15.625 


0.601 


0.615 


6.25 


31.25 


0.750 


0.545 



Fa, fraction affected, equals to the inhibition rate of the combination; CI, combination index, determined using CalcuSyn software. 
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Figure 3. Effect of CQ on TPT-induced apoptosis determined by flow cytometry. A549 cells were treated with 2 |j.g/mL TPT, 10 u.g/mL CQ, or 
both for 48 h. A, Annexin-V and propidium iodide (PI) staining shows that combined treatment increased the percentages of early and late 
apoptotic cells. B, sub-G! phase analysis shows that combined treatment increased the sub-G! DNA content in A549 cells. 



increase lysosomal permeabilization. 

CQ decreased the ratio of SP cells 

Stem-like cancer cells can be isolated by their ability 
to efflux Hoechst 33342 dye and are referred to as the 
"side population" (SP). TPT can be transferred in the 
same way that Hoechst 33342 dye is effluxed. Because 
CQ has the potential to inhibit this type of transfer, CQ 
might enhance the effect of TPT by preventing efflux, 
thus increasing the intracellular accumulation of TPT and 
promoting SP cell death. Therefore, we examined the 
variation in the fraction of SP cells after treatment with 



TPT and CQ. The results showed that treatment with 
either TPT or CQ each slightly decreased the ratio of SP 
cells (Figure 5). However, treatment with both drugs did 
not further enhance the effect of TPT, indicating that CQ 
did not interfere with the transfer of TPT. 

TPT induced autophagy 

A previous study indicated that TPT could induce 
autophagy in Hep3B cells [13] . In the current study, we 
examined whether TPT could also induce autophagy in 
A549 cells. First, A549 cells stably expressing pYFP-LC3 
were examined by fluorescence microscopy. In control 
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Figure 4. Effect of TPT and CQ on the expression of PARP and Bcl-2 family proteins. A549 cells were treated with 2 ^g/mL TPT, 10 p,g/mL 
CQ, or both for 48 h. GAPDH was used as an internal control. A, cleavage of PARP induced by TPT and CQ in A549 cells. B and C, the 
expression levels of Bcl-2 family proteins were similar between A549 cells treated with TPT and CQ alone or in combination. 
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Figure 5. Detection of side population (SP) cells among A549 cells. A549 cells were treated with 0.3 n,g/mL TPT, 5 ^g/mL CQ, or both for 48 
h, then stained with Hoechst 33342 in the presence (lower) or absence (upper) of 50 |j.mol/L. verapamil (Ver) and analyzed by flow cytometry. 
The SP cells, which disappear in the presence of verapamil, were gated and are shown as a percentage of the whole viable cell population. The 
percentage of SP cells among untreated A549 cells was 12.2%. The percentage decreased to 8.1% after treatment with CQ and to 9.1% after 
treatment with topotecan for 12 h. When A549 cells were treated with topotecan combined with CQ, the percentage of SP cells was slightly 
decreased to 6.9%. 



cells, YFP-LC3 was evenly distributed throughout the 
cytoplasm. After exposure to 2 |jg/mL TPT, ring-shaped 
structures were detected in the cytosol, indicating the 
association of YFP-LC3 with autophagosomal 
membranes and the induction of autophagy (Figure 6A). 



Additionally, A549 cells were stained with acridine 
orange, which labels acidic vacuoles and lysosomes and 
can be used as an indirect marker for autophagosome 
formation. The results showed abundant cytoplasmic 
acidic vesicular organelle formation in TPT-treated cells 
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Figure 6. TPT induced autophagy in 
A549 cells. A, TPT treatment caused 
accumulation of YFP-LC3 dots. A549 
cells overexpressing pYFP-LC3 were 
treated with or without 2 p,g/mL TPT 
for 12 h, and then visualized under a 
fluorescent microscope. Puncta 
represent autophagosome formation. B, 
TPT treatment caused formation of 
cytoplasmic acidic vesicular organelle. 
A549 cells were treated with or without 
2 |j.g/mL TPT for 12 h, stained with 
acridine orange (1 ^g/mL), and then 
visualized under a confocal microscope. 



(Figure 6B). To further confirm that autophagy is induced 
by TPT, we detected the autophagy markers LC3-II and 
P62, a marker of autophagic activity which is degraded 
in the autolysosomes, by Western blotting. The results 
revealed that TPT induced autophagy in A549 cells in a 
time- and dose-dependent fashion (Figure 7A and 7B). 
Thus, taken together, these data indicated that TPT 
induced autophagy in A549 cells. 

CQ enhanced the cytotoxicity of TPT by inhibiting 
autophagy 

Because autophagy has the potential to promote or 
delay cell death, we examined whether the enhanced 
cytotoxicity of TPT when combined with CQ could be 
due to the inhibition of autophagy by CQ. When A549 
cells were treated with CQ alone, LC3-II accumulated 
(Figure 7C) because CQ prevented fusion of the 
autophagosome with the lysosome. When CQ was 
combined with TPT, LC3-II and P62 accumulated (Figure 
7D), indicating that CQ inhibited autophagy induced by 
TPT at the final stage. A549 cells stably expressing 
shATG5 (Figure 8A) were used to mimic inhibition of 
autophagy at the stage of autophagosome formation. 
Knockdown of Atg5 blocked the TPT-induced increase in 
LC3-II levels (Figure 8B) and the accumulation of 
YFP-LC3 dots (Figure 8D), and reduced proliferation due 
to treatment with TPT at concentrations between 



0.05-6.25 ng/mL (Figure 8C). Furthermore, we used the 
MTT assay to determine the effect of TPT on the 
proliferation of the A549/shATG5 h7 cells. Notably, 
co-treatment with TPT and CQ produced a CI >1 in 
A549/shATG5 h7 cells (Table 2), suggesting an 
antagonistic relationship. These data showed that CQ did 
not further enhance cell death following TPT treatment in 
Atg5 knockdown cells. Taken together, these results 
indicated that the inhibition of autophagy enhanced the 
cytotoxic effect of TPT on A549 cells. 

Discussion 

This study demonstrated that non-cytotoxic 
concentrations of CQ potentiated the cytotoxicity of TPT 
in lung cancer cells by inhibiting autophagy induced by 
TPT, supporting the view that CQ and its analogues 
have potential as chemotherapy sensitizers. 

Previous studies have indicated that the biological 
effect of CQ is concentration-dependent. For example, at 
low concentrations (<32 jjimol/L), CQ inhibits growth of 
the lung cancer cell line A549 and induces vacuolation 
with increased acidic compartments. At higher 
concentrations, or over longer periods of time, CQ 
directly induces apoptosis and necrosis 1341 . In this study, 
CQ showed a weak cytotoxic effect at the concentration 
of 10 pg/mL (Figure 2). Therefore, the concentration we 
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Figure 7. CQ inhibited autophagy induced by TPT. A, detection of LC3-I, LC3-II, and P62 by Western blotting. A549 cells were treated with TPT 
at the indicated concentrations for 24 h. B, time course following treatment of A549 cells with 2 p.g/mL TPT. C, treatment with 10 |j.g/mL CQ 
alone induced the accumulation of LC3-II. D, effect of 2 n,g/mL TPT and 10 ^g/mL CQ on LC3 and P62 processing. 



Table 2. Inhibitory effects of CQ, TPT, or both on the growth of A549/shATG5 h7 cells 



Concentration of TPT (n,g/mL) 


Concentration of CQ duug/mL) 


Fa 


CI 


0.39 


1.95 


0.151 




0.78 


3.9 


0.232 


1.019 


1 .5625 


7.8 


0.327 


1.134 


3.125 


15.625 


0.434 


1.365 


6.25 


31.25 


0.680 


1.013 



Footnotes as in Table 1 . 



used for this research did not have a direct cytotoxic 
effect on A549 cells. 

The pleiotropic effects of CQ made it difficult to 
identify the mechanisms underlying the CQ-mediated 
enhancement of TPT cytotoxicity. SP cells have been 
isolated from several solid tumors. They are enriched for 
tumor initiating capacity, express stem-like genes, and 
are resistant to chemotherapeutic drugs. As TPT is 
transferred out of cells by ABCG2 and CQ may block 
these transporters and thereby increase intracellular drug 
availability 1311 , we examined whether the combination of 
CQ with TPT interfered with the ratio of SP cells. The 
results showed that although TPT and CQ alone slightly 
decreased the ratio of SP cells, the combination of CQ 



and TPT did not decrease the ratio of SP cells further. 
Thus, these data suggest that CQ could not enhance the 
efficacy of TPT by inhibiting its transfer out of the cells. 

Another potential mechanism by which CQ might 
enhance the pro-apoptotic effect of TPT is by interfering 
with autophagy. To determine whether autophagy 
contributed to the cell death induced by TPT, we first 
examined the effect of CQ and TPT on autophagy. The 
results based on Western blotting and fluorescence 
microscopy indicated that TPT induced autophagy and 
that CQ inhibited the fusion between autophagic 
vacuoles and lysosomes. Furthermore, the effect of CQ 
on tumor cells was compared with the effect of genetic 
inhibition of autophagy. Knockdown of the autophagic 
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Figure 8. Effects of Atg5 knockdown on cytotoxicity of TPT. A, Western blot analysis of Atg5 from lysates of A549/vector cells and A549/ 
shATG5 h7 cells. GAPDH was used as a loading control. B, A549/vector cells and A549/shATG5 h7 cells were treated with 2 |j.g/mL TPT for 24 
h and then harvested. LC3-II expression was detected by Western blotting. GAPDH served as a loading control. C, A549/vector cells and A549/ 
shATG5 h7 cells were cultured at 6000 cells per well in a 96-well plate and exposed to TPT at concentrations from 0.05 to 6.25 |j.g/mL. for 72 
h. Growth inhibition was detected using WITT assays. Reported values are mean ± SD of triplicate samples from a representative experiment. *P < 
0.05 as compared with cells treated in the same way but without transfection with the shRIMA. D, when A549/shATG5 h7 cells overexpressing 
pYFP-LC3 were treated with 2 ^g/mL TPT for 12 h, YFP-LC3 accumulation cannot be visualized under the fluorescent microscope. 



gene Atg5 using shRNA (shATG5) blocks autophagy at 
a proximal step by preventing the formation of the 
Atg5-Atg12 complex, which is required for the generation 
of autophagosomes [351 . The results demonstrated that 
knockdown of Atg5 also enhanced the cytotoxicity of 
TPT, confirming that the antineoplastic effect of CQ 
observed in this study resulted from the ability of CQ to 
inhibit autophagy-based survival. 

How autophagy impacts cell death is still unknown. 
In this study, we examined the role of Bcl-2 family 
proteins in cell death induced by the combination of CQ 
and TPT. No variations in expression of Bcl-2 family 
members, including Bcl-2, Bax, and Bim, were observed, 
implying that CQ promoted cell death induced by TPT in 
a Bcl-2 family-independent manner, consistent with 
previous observations in mouse models of 
lymphomagenesis 136 37] . Additionally, CQ can alter 



lysosomal membrane permeabilization [3BI , which is a 
potentially lethal event because lysosomal proteases in 
the cytosol can digest vital proteins and activate 
additional hydrolases, including caspases. The latter 
process usually causes the proteolytic activation of Bid, 
resulting in cytochrome c release and 
apoptosome-dependent caspase activation 139 401 . However, 
in this study, CQ failed to modify the activation of Bid, 
indicating that the lysosome-mitochondria axis is not 
involved. Therefore, the mechanism by which CQ 
promotes cell death induced by TPT is still not known. 

Previous studies have demonstrated that CQ 
sensitizes cells to radiation by destabilizing the 
lysosomal membrane, leading to induction of cell death 
by necrosis m . CQ also sensitizes cells to Akt inhibitors 
by promoting the accumulation of abnormal 
autophagolysosomes and reactive oxygen species, 
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leading to tumor cell-specific death 1421 . The current study 
has revealed that CQ enhanced cytotoxicity induced by 
chemotherapy by inhibiting the autophagy pathway. 
These data indicate that within different contexts, the 
mechanisms of CQ-mediated enhancement of 
cytotoxicity might vary. Because CQ can potentiate the 
effects of TPT at non-cytotoxic concentrations, CQ and 
its analogs have potential as chemotherapy and radiation 
sensitizers without significant side effects. 
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